Abstract Quantum dots (QDs) are considered as excellent color conversion and self-emitting materials for display and lighting applications. In this article, various technologies which can be used to realize white light emission with QDs are discussed. QDs have good color purity with a narrow emission spectrum and tunable optical properties with size control capabilities. For white light emission with a color-conversion approach, QDs are combined with blue-emitting inorganic and organic light-emitting diodes (LED) to generate white emission with high energy conversion efficiency and a high color rendering index for various display and lighting applications. Various device structures for selfemitting white QD light-emitting diodes (QD-LED) are also reviewed. Various stacking and patterning technologies are discussed in relation to QD-LED devices.
I. Introduction
The use of white light emission with various solid-state devices is rapidly growing due the high efficiency and long lifetimes of these devices. The most popular means of realizing white emission with solid-state devices is to combine blue-emitting gallium nitride (GaN) diodes (LED) and yellow phosphors [1] . The blue light from the LEDs is converted into green and red light by various colorconversion materials. Phosphors are effective colorconversion materials due to their efficient excitation with short-wavelength blue-color spectra, and they offer good thermal stability. However, white-light-emitting diodes (WLED) with phosphors show relatively low color rendering index (CRI) values [2, 3] .
High-quality white color emission is also an important aspect of liquid-crystal displays (LCD). However, conventional LCDs are known to reproduce less than 50% of the color that the human eye can see due to their relatively poor R-G-B light spectrum [4] . Display manufacturers have developed a variety of new technologies, such as discrete RGB LED backlights and LEDs enhanced with yttrium aluminum garnet (YAG) with red phosphor. However, they still have issues with regard to color quality, scalability, cost and stability.
Recently high-quality R-G-B spectra with conventional LCD displays were demonstrated with photoluminescence color conversion quantum dots (QDs). Colloidal QDs are semiconductor crystalline nanoparticles having outstanding optical properties, such as a narrow emission bandwidth, high quantum efficiency, cost-effective solution processability and facile color tunability [5] [6] [7] . QDs typically have a core/shell structure with organic ligands attached onto the surfaces of the QDs, as shown in Figure 1 . Core/shell materials are III-V, II-VI, or I-III-V compound semiconductors, and various organic molecules and ligands are attached onto the QDs.
White emission with colloidal QDs is realized by the photoluminescent (PL) color conversion of blue light or by electroluminescent (EL) self-emitting diode structures. For white emission with color conversion, QDs that are *Corresponding author E-mail: hchae@skku.edu Review Paper Figure 1 . A QD of core/shell structure with different hydrophobic ligand molecules both drawn up to down: trioctylphosphine oxide (TOPO), triphenylphosphine (TPP), oleic acid (OA), tetraoctylammonium bromide (TOAB) and octanethiol (OT). The spatial conformation of the molecules is only shown schematically as derived from their chemical structure and space-filling models. dispersed in polymer matrixes convert blue light from various blue light sources into white color. Unlike conventional phosphor technologies, QDs can be tuned to convert light to nearly any color in the visible spectrum by simply varying the size of the dots [8] . During the QD color conversion process, it is important to achieve a narrow emission bandwidth, high efficiency and a long lifetime.
For self-emitting white emission through EL, holes and electrons are injected into QD layers in QD light-emitting diodes (QD-LED). For white emission with QD-LEDs, it is important to optimize the hole and electron transport layers as well as the QDs for high efficiency.
In this review article, various means of realizing white emission with QDs are discussed in terms of photoluminescence (PL) and electroluminescence (EL). QD and QD films are discussed for PL applications in display backlighting and solid-state lighting devices. Various structures of electroluminescent QD-LEDs are discussed, such as mixed, stacking, and patterned QD layers for white light emission.
II. White Color Emission through the Photoluminescence of QDs
For the color conversion of blue light into white emissions, QDs are adopted as down-conversion materials that convert part of the short-wavelength blue emission to long-wavelength emissions. QDs are typically dispersed in polymer matrixes.
High color purity & high efficiency by emissive qds for display applications
One of the early studies in this area reported white emission with optical down-conversion of CdSe/ZnS core/ shell QDs dispersed in a poly(lauryl)methacrylate (PLMA) matrix on top of a blue GaN blue light source [9] . QDs and polymeric resins were phase-separated on top of the LED to produce full-color emission. A multi-shell structure with CdSe/ZnS/CdSZnS QDs was developed as a green color converter, and a structure with CdSe/CdS/ZnS/CdSZnS QDs as a red color converter was developed for a high quantum yield ( Fig. 2(a) ) [10] . External quantum efficiency (EQE) of 72% was achieved for green-light emission. It was 34% for red-light emission. The backlight unit with the multi-shell QDs was applied to TV panels, as shown in Fig. 2(b) .
High CRI and Cd-free QD for solid-state lighting
CRI is one of the most important performance indexes in lighting applications. Nizamoglu et al. reported the generation of white light by hybridizing green-red-emitting CdSe/ZnS/CdSe core/shell/shell quantum-dot-quantum-well hetero-nanocrystals on blue InGaN/GaN LEDs [11] . The onion-like hybrid structure of QDs was one of the early approaches for high-quality white-light generation with blue LEDs.
Because cadmium (Cd) is known to be toxic, many researchers are developing various Cd-free QDs. Copper indium sulfide (CIS) QDs are one of most popularly used Cd-free QDs, and they are considered as good QDs for lighting applications due to their large emission bandwidth. The color spectra were found to be controllable with different Cu/In molar ratios and ZnS over-coating [12] . CIS/ZnS QDs showed tunable emission colors ranging from yellow and orange to red with sufficiently high QYs of 68-78%. These yellow-emitting CIS/ZnS QDs were demonstrated as suitable blue-to-yellow color converters for white color emission from LED lighting devices.
Quaternary Cu-In-Zn-S (CIZS) core/ZnS shell QDs were also developed for the fabrication of WLEDs [13] . The amount of 1-dodecanethiol (DDT) ligand was found to play a key role in determining the QD emission bandwidth, leading to PL broadening upon an increase in the DDT. The PL bandwidth was broadened to 240 nm and white QD-LEDs with a high CRI of 95 were achieved.
Stability of QD in LED device
Stability is an important requirement for the color conversion of LED light. One method by which to improve QD stability is to cover QDs with water-or oxygen-stable inorganic materials such as silica. A silica monolith (QD-SM) substance was prepared on QDs by means of a preliminary surface exchange and with the base-catalyzed sol-gel condensation of silica [14] . The QD-SM maintained its initial luminescence after high-power UV radiation (~1 W) for 200 hours and through a LED encapsulant curing process at 150 o C. In2O3 was developed as a stable shell material and overcoated on red-emitting InP/ZnS QDs to suppress QD photooxidation [15] . InP/ZnS@In2O3 QD-LEDs maintained their initial QD emission intensity of 88% after 48 hours of operation. Extra In2O3 over-coating is believed to be an effective way to impede oxygen permeation to the QDs ultimately to suppress their photo-degradation.
III. White LED using the Electroluminescence of QDs
White emission also can be realized with QD-LED structures with various QD layer structures. Two or three different color-emitting QDs are mixed or stacked for white color emission and various processes are being developed for the formation of a nanoscale thin QD layer.
A Mixed QD layer structure for white light emission
One of the early white QD-LEDs was reported with thin mixed QD layers with red (R), green (G), and blue (B) emitting colloidal QDs in a hybrid organic/inorganic structure, as shown in Figure 8 (b) [16] . The white color spectra was tuned and a maximum external quantum efficiency of 0.36% was reported with a CRI value of 86. Mixed QD layers were reported for dichromatic (blue & yellow), trichromatic (blue, green, & red), and tetrachromatic (blue, cyan, yellow, & red) inverted white QD-LEDs with a spin-coating process [20, 21] . A peak luminescence of 23,000 cd/m2 and external quantum efficiency (EQE) of 10.9% were reported with trichromatic white QD-LEDs with the layer structure shown in Figure 9 .
Stacking and patterning processes of QD layers for white light emission
White QD-LEDs can be realized by stacking QD layers in multiple layers with various processes. A solvent-free pick-and-place transfer method was developed that allows for layer-by-layer QD monolayer transfer with polydimethylsiloxane (PDMS) stamps [22] . With the controlled multi-stacking of different bandgap QD layers, the interlayer energy transfer was studied with different QD monolayers [23, 24] . Values of approximately 1,000 cd/ m2 and 0.19 cd/A were reported with balanced B/G/B/R white-light emission.
Brighter white QD-LEDs were demonstrated through a QD combination of blue CdZnS/ZnS and yellow-emitting Cu-In-S (CIS)/ZnS QDs emitters [25] . They reached a luminance level of 1170 cd/m2 and efficiency of 0.9 cd/A with this stacking process. Non-Cd QDs may be promising yellow emitters, as they provide an intrinsically broad emission bandwidth from radiative recombinations via intra-gap defect states [12, [26] [27] [28] .
QD pixel patterning is an essential process for QD-LED display devices, and various QD patterning processes have been developed. A pick-and-place QD transfer process was reported for QD pixel patterning with pre-patterned PDMS stamps [29] [30] [31] [32] . The QD films were retrieved from the donor substrate via the van der Waals force [33] .
A similar intaglio transfer process was developed for high-resolution QD pixel patterning [34] . This transfer printing process utilizes an intaglio trench to create fullcolor QD arrays with controlled and uniform pixel sizes that can achieve a resolution of 2,460 pixels per inch (ppi). A device fabricated with this process showed high brightness of 14,000 cd/m2 and an EQE value of 2.3% [35] [36] [37] [38] .
White light emission QDs by grafting organic fluorescent molecules
Recently, white-emitting QDs were synthesized and applied to white emission QD-LEDs. Single-hybrid compounds were synthesized for white emission by grafting blue-emitting fluorescent ligands onto the surfaces of yellow-emitting CdSe/ZnS core/shell QDs [39] . White QD-LEDs fabricated with the grafted QDs demonstrated a luminance level of 2690 cd/m2 and efficiency of 0.81 cd/ A. Facile adjustment of the color temperature was also demonstrated by controlling the size of the QDs and the amount of the grafted organic blue-emitting molecules. This white-emitting single compound has the potential to simplify the fabrication process greatly.
Summary
In this article, QD applications for white color emission through PL and EL are reviewed. During the last decade, significant progress has been made regarding an improved understanding of as well as greater application of quantum dots for white color emissions in display and lighting devices. The development of white emission with QDs still faces challenges, such as those related to efficiency, stability, toxicity and large-scale processes. With further interesting research, QDs are expected to contribute to the development of effective and high-quality display and lighting devices. 
